A unique porcine extracellular matrix (ECM) derived injectable tissue construct with 100 nm or 20 nm gold nanoparticles (AuNP) was developed for musculoskeletal tissue engineering applications. ECM has been shown to encourage cellularity and tissue remodeling due to its release of growth factors while AuNP have been shown to reduce reactive oxygen species (ROS) levels. Injectable tissue constructs were created by homogenizing decellularized porcine diaphragm tendon conjugated with 100 nm or 20 nm AuNP at 1x, 4x, and 8x concentrations. Extrusion force testing demonstrated that homogenized tissue constructs were injectable at an appropriate cannula size and force. L-929 murine fibroblasts were used to measure cell viability, cell proliferation, intracellular ROS levels, and cell migration in response to constructs. Enhanced cell viability and proliferation are observed on 1 × 20 nm AuNP constructs. ROS assays demonstrate reduced cellular ROS concentrations from all 20 nm AuNP constructs and from 8 × 100 nm AuNP constructs compared with constructs without nanoparticles. Cellular migration is higher towards 4 × 20 nm AuNP constructs compared with constructs without nanoparticles. Results support the potential use of a porcine ECM derived injectable tissue construct with AuNP as an injectable tissue construct to reduce inflammation and to promote tissue remodeling in musculoskeletal tissue engineering applications.
Introduction
ECM based scaffolds are becoming increasingly popular in musculoskeletal tissue engineering [1] . These decellularized scaffolds have a lower inflammatory response and improved cellular integration compared with synthetic materials [2] . In addition, the ECM contains cytokines and growth factors such as transforming growth factor beta, keratinocyte growth factor, and platelet derived growth factor that promote constructive tissue remodeling as the ECM naturally degrades [1] . Degraded ECM products have also been shown to have chemotactic properties for fibroblasts and for some macrophages which may enhance ECM production [3] [4] [5] . ECM contains points of cellular attachment providing an ideal environment for proliferation [1] .
While there are many benefits of using ECM based graft materials, their application can be limited due to their form as a graft material. Creating an ECM based material that can be delivered by injection expands the benefits of ECM to a wider variety of applications including myocardial infarction [6] , reconstruction of skeletal muscle [7] , and musculoskeletal applications [8] , urinary incontinence [9] , adipose tissue engineering [10] , and orthopaedic applications such as meniscus repair [11] . Here we developed an injectable ECM-based tissue construct for musculoskeletal tissue engineering applications such as post-traumatic osteoarthritis (PTOA), rheumatoid arthritis, and osteoporosis. In these diseases, there is wear in the cartilage of the joint that causes painful bone on bone wear.
Therapies to address short-term symptoms include intra-articular injections of pain killers, anti-inflammatory agents, corticosteroid, or hyaluronic acid. Unfortunately, these therapies only offer temporary pain relief. There is little midterm or long-term benefit due to the rapid breakdown of the therapeutic agents and the failure to alleviate the cause of symptoms. None of these treatments provide effective long-term relief while maintaining natural joint functionality. The use of an injectable ECM scaffold may be used to fill cartilage defects, mitigate cartilage degradation and promote remodeling.
An ideal tissue construct for musculoskeletal applications should provide an environment that reduces inflammation and promotes tissue remodeling in order to repair tissue defects. Inflammation can cause damage to tissue in the form of reactive oxygen species (ROS). Reducing ROS levels may mitigate the damaging effects to the tissue and prevent the quick break down of remodeled tissue.
Tissue remodeling requires cell migration, attachment, and proliferation to remodel tissue. An ideal construct would provide an environment that stimulates cellularity in order to repair tissue defects.
AuNP have been increasingly used in tissue engineering due to myriad bene-fits including biocompatibility, promotion of remodeling, and ability to reduce inflammation [12] [13] [14] . It has also been shown that the conjugation of AuNP to ECM tissue scaffolds enhances remodeling in vivo [15] . This remodeling influence can be attributed to an increase in cellularity and GAG production in the presence of AuNP [16] . AuNP can increase migration and adhesion of cells to tissue scaffolds due to AuNP' increased surface energy or due the creation of a topography favoring cell attachment [16] . In addition, it is suggested that AuNP may block binding sites for collagenase, slowing in vivo degradation [16] . Gold and specifically AuNP have been used as an anti-inflammatory agent for many years [17] [18] [19] . AuNP are zerovalent, have high surface reactivity, and are resistant to oxidation. Studies have demonstrated gold's usefulness as a therapeutic treatment for diseases such as chronic inflammation and rheumatoid arthritis [20] . This reduction in inflammation may be attributed to anti-oxidative effects of AuNP. Several studies have shown the effectiveness of using AuNP as a free radical scavenger [21] [22] . It was determined that AuNP act as antioxidative agents by inhibiting the formation of ROS and scavenging free radicals, which lowered oxidative stress levels in mice [22] . The mechanism by which AuNP inhibit oxidative stress has not been completely determined. One theory suggests that AuNP inhibit lipids from peroxidation [23] [24]; other theories state that AuNP can restore metabolic enzymes damaged by hyperglycemia [22] , normalize bile action [25] , and interact with thioredoxin, a conserved thiol reductase that participates in the regulation of cellular redox balance [26] .
Here we developed an ECM-AuNP based tissue construct for musculoskeletal tissue engineering applications with the hypothesis that the presence of AuNP will promote cellularity while mitigating inflammation. AuNP were aminefunctionalized and conjugated to decellularized porcine diaphragm tendon. The tissue was then homogenized into an injectable form to be delivered to the defect. In addition to the benefits of ECM and AuNP as previously discussed, there are several benefits to using a combined ECM/AuNP construct. By conjugating the AuNP to the ECM, the native microstructure of the ECM is maintained while enhancing stability and allowing cellular integration. The crosslinking treatment used in the conjugation of AuNP slows tissue degradation which allows additional time for neo-cartilage formation and longer lasting anti-inflammatory effects. AuNP are conjugated to tissue to prevent "wash-out" and to maintain effectiveness for longer periods of time compared to attachment by nanoparticle adsorption to the tissue. By homogenizing the tissue, the benefits of ECM and AuNP can be delivered to the defect site in an injectable form. Tissue was decellularized in a 1% (v/v) tri(n-butyl) phosphate (TnBP) and Tris buffer solution for 24 h at room temperature according to previously established protocol [27] . This was followed by two 24 h rinses in deionized water and a 24 h rinse in 70% (v/v) ethyl alcohol. 
Methods

Preparation of Constructs
Conjugation of Nanomaterials
Electron Microscopy
Samples were prepared for scanning electron microscopy (SEM) imaging by fixation in 0.1 M sodium cacodylate buffer (2% glutaraldehyde and 2% paraformaldehyde (pH = 7.35)). Samples were then dehydrated by microwaved graded ethyl alcohol rinses (20%, 50%, 70%, 90%, and 100%). Critical point drying in a Tousimis Auto-Samdri 815 automatic critical point dryer (Tousimis, Rockville, MD) was performed, and samples were then placed on a carbon tape stub and sputter-coated with carbon using an Emitech K575X Peltier cooled sputter coater (Emitech, Houston, TX). An FEI Quanta 600FEG Environmental SEM (FEI Company, Hillsboro, OR) was used for imaging and energy-dispersive x-ray spectroscopy (EDS).
Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) was performed using a Q2000 DSC (TA Instruments, New Castle, DE). Approximately 9 -14 mg of homogenized tissue sample was sealed with 2 μL of deionized water in aluminum pans with a hermetic lid. Samples were run in triplicate (n = 3) from −5˚C to 120˚C at a rate of 3˚C per minute modulation every 80 seconds ±0.64˚C. Universal Analysis software integration tool was used to determine the onset denaturation temperature and denaturation temperature from the non-reversing heat flow signal.
Extrusion Force Testing
Each construct group was loaded into a syringe connected to a 20-gauge cannula. The syringes were secured into an Instron 584 Universal Testing Machine (Instron, Norwood, MA) in compressive mode. Force was measured over a constant rate of displacement. The syringes were run for 30 mm at a rate of 0.167 mm/sec with force measurements taken every 0.1 sec. Maximum extrusion force was taken from all compressive force data points over the 30 mm extension.
Cell Culture
L-929 murine fibroblast cells were purchased from ATCC (Manassas, VA) and cultured at 37˚C and 5% CO 2 in Eagle's Minimum Essential Medium (EMEM)
supplemented with 10% (v/v) horse serum and 200 U/mL Penn Strep. Cells were subcultured and given fresh cell media as needed. All assays were conducted using L-929 murine fibroblast cells, and all assays were performed in a biological safety cabinet under sterile conditions.
Cell Viability and Proliferation Assay
A Quant-iT TM dsDNA® Pico Green assay (Life Technologies, Grand Island, NY) was performed using the manufacturer's protocol to measure cell proliferation. 
Cell Migration Assay
A CytoSelect TM Cell Migration assay (Cell BioLabs, San Diego, CA) was conducted according to the manufacturer's protocol. 50 μL of homogenized tissue and 100 μL serum-free media were added to each well of the lower chamber of a 96-well plate using a sterile 18-gauge cannula with eight replicated for each sample type (n = 8). Fibroblasts were suspended in serum-free media and 2.5 × 10 4 cells were added to the upper chamber of each well with 100 μL of serum-free media. Cells were allowed to migrate across the membrane for 24h at 37˚C and 5% CO 2 . Media was removed from the upper chamber and the upper chamber Cell migration is presented as the relative fluorescence intensity of a sample compared to wells with serum-free media only.
Statistical Analysis
Statistical analyses were conducted using SAS 9.4 software. A one-way analysis of variance (ANOVA) with a pair-wise Tukey test using the PROC GLM procedure was conducted to determine significant differences at a p < 0.05 significance level. Linear regression analysis with a standard curve was to interpolate fluorescence intensity values and was conducted using the PROC REG procedure. Values from DSC, cell proliferation assays, ROS assays, and cell migration assays are presented as mean values +/− standard error of the mean calculated using Origin 9.1 software.
Results
Electron Microscopy
SEM and EDS analysis were conducted to confirm attachment of AuNP to homogenized tissue and to ensure that the treatment processes did not damage
tissue. The open microstructure of constructs was maintained during crosslinking and homogenization as seen in Figure 1 . Attachment of AuNP to tissue is confirmed in Figure 2 . AuNP can be seen as small, bright circular features within fainter ECM. Features are confirmed to be AuNP by observing energy peaks at 2.1 keV and at 9.7 keV from EDS analysis (results not shown).
Differential Scanning Calorimetry
DSC values for onset denaturation temperature and denaturation temperature are given in Figure 3 . For onset denaturation temperature, crosslinked, 1 × 20 nm, 1 × 100 nm, 4 × 100 nm, and 8 × 100 nm constructs have significantly higher mean temperatures (n = 3) than decellularized and 8 × 20 nm constructs.
Crosslinked constructs have a significantly higher mean temperature than de- 
Extrusion Force Testing
Extrusion force measurements of syringes filled with constructs were measured every 0.1 sec at a constant rate of displacement over 30 mm. Maximum extrusion forces were taken from all compressive force data points over the 30 mm extension and are presented in Table 1 . The lowest maximum compressive force value is 1.72 N and the highest is 3.82 N.
Cell Viability and Proliferation Assay
Results of the 3, 7, and 10 day cell viability and proliferation assay are given in 
ROS Assay
Cell Migration Assay
Migration assay results are given in Figure 6 . A Cyto Select TM Cell Migration assay was conducted using homogenized tissue constructs as a chemoattractant and the relative amount of migrated cells was measured by fluorescence intensity. There is a significantly higher mean fluorescence intensity on 4 × 20 nm constructs compared to crosslinked, 1 × 100 nm, 4 × 100 nm, and 8 × 100 nm constructs (n = 8).
Discussion
Injectable tissue constructs fabricated from ECM and AuNP are developed for potential musculoskeletal tissue engineering applications. Amine-functionalized AuNP of 20 nm or 100 nm were conjugated to decellularized porcine diaphragm tendon and homogenized into an injectable form. Tissue constructs were analyzed by SEM/EDS, DSC, extrusion force testing, cell viability and proliferation assays, ROS assays, and cell migration assays. This may be due to additional conjugation of 20 nm AuNP compared with 100
nm AuNP due to size differences between the AuNP.
Extrusion force testing was performed to evaluate the ease of injection of the construct under forces and cannula gauges typically used for steroid injections into the knee (Table 1) . A 20-gauge cannula was used to measure the extrusion force of all constructs. A gauge of 18 -23 is commonly used for intra-articular injections of steroids into the knee [31] [32] . It is important to have a cannula that is large enough for the material to pass through while small enough for the physician to have control. In addition, the force required to eject the material should be minimal. If the size of the cannula is too small for the material to expel easily, it will require high forces to expel which may be dangerous to patients and physicians. Studies have shown that increasing the cannula size and the required force for injection has a negative effect on the physician's ability to control the syringe [33] [34] . A study was conducted on the extrusion forces of syringes expelled by rheumatoid arthritis patients with hand impairment [35] . The average maximum force patients were able to apply during the injection was 33.21 N and 45.34 N for two different syringe types. The values found in our study of ~1 N to 4 N are much less than those found in the cited study. In addition, the mean extrusion forces of porcine-collagen dermal fillers were measured to evaluate injectability [33] . The study found that the lowest collagen dermal filler had a mean extrusion force of 7.7 ± 0.5. This extrusion force was at an acceptable level to decrease clinician hand fatigue and to improve clinician hand control. All extrusion forces in this study were found to be less than the acceptable mean extrusion force found in the cited study. It is concluded that homogenized construct could be safely delivered using a 20-gauge cannula.
A cell viability and proliferation assay was performed to test the ability of fi- Oxidative stress has the potential to induce cell and tissue damage by activating cellular pathways leading to inflammation, apoptosis, and negative effects on remodeling and cell proliferation [38] . The reduction of damaging ROS is important for the promotion of remodeling. AuNP have been used as an anti-inflammatory agent due to AuNP's ability to act as free radical scavengers [17] [18] [19] [21] . Reduction in cellular ROS due to AuNP has been shown to be concentration dependent [22] . Similar to the effects of proliferation and migration, the concentration and size of the nanoparticle affects how the cells interact with the particles [39] . Previous studies of cellular ROS concentrations on collagen-100 nm AuNP constructs have shown a concentration dependent decrease in ROS production [16] . Too high of a concentration of nanoparticles may in- 
Conclusion
Constructs proposed for intra-articular injection for musculoskeletal tissue engineering applications were fabricated from ECM and 100 nm or 20 nm AuNP.
Results confirm the successful AuNP attachment, thermal stability, and injecta- 
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